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Elastic neutrino scattering off electrons in crystalline silicon at 1—10 mK 1a — m resu ts in measurable
ra ure c anges m macroscopic amounts of material, even for low-energy ( ( 0.41MeV)

pp v's from the sun. We propose new detectors for bolometric measurement of low-
teractions includin co

n o ow-energy v in-

lation
ing coherent nuclear elastic scattering. A new and more sen t h fin co ' . sensi ive scarc or oscil-

a ions of reactor antineutrinos is practical ( —100 kg of S') d ld Ii, an wou ay the groundwork for a
more ambitious measurement of the spectrum of 78 d 88 1pp, e, an so ar v s, and supernovae an-
where in our galaxy (—10 tons of Si).

p novae any-

PACS numbers: 13.10.+q, 14.60.Gh, 29.40.—n

could directly determine the solar-core temperature.
The electron events produced by sB v's have a higher
weighted average cross section with energies up to 13
MeV, but do not appear in Fig. 1 because of the sub-
stantially reduced flux.
However, coherent scattering off nuclei for these

highest energy v's produces energy transfers up to
about 10 keV with large rates, resulting in a peak
below the significant energy range for the pp electrons
(see Fig. 1). The coherent cross section for vector
neutral-current scattering off nuclei is given by

cr„,= GF2E2(Z[1 —4sin20„] —N) /47r
(independent of v type), where N is the number of
neutrons in nucleus, and Z is the nuclear charge.
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cross section [Eq. (1)] and the monochromatic nature
of the electron-capture 7Be v's, their recoil electron
spectrum has a sharp cutoff at its upper energy, mak-
ing signal detection easier. In fact, the width of the
Be v energy (—1 keV) is determined by the solar-
core temperature ( —107 K). Measurement of the
resultant rounding of the recoil electron-energy cutoff

10

5( b). B~ (~~el
I

10

I

1MeV
I

1(X)keV
I

10keV
l

1keV
10 0.leeV

E t.ecoi I
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The problems associated with the detection of low-ener neutrinos ar-energy neutnnos are both well known and numerous. For ex-
spi e o i s c ear scientific importance and after two decades of heroic effort

sun has still not been measured. Tradit' ll 1

s o eroic e orts, the v spectrum from the

duced nuclear transmutatio ' I th' L p
ra i iona y, ow-energy neutrino detection has invinvolved measurement of in-

new practical detector for makin
ns. n is etter we explore a new bolomep, olometric method. This method can provide a

ica e ec or or making more sensitive measurements of reactor v's, and can lead to a
measuring the spectrum of neutrinos emitted from the solar core.

v s, an can ea to a detector for

Th d'ffe differential cross section for a v or v with ener E to scatergy o scatter elastically off an electron with recoil energy T

do/dT= (GF2m/27r)((C„+ C )2+ (C„—C ) [1—T/E]2 (C C ) /g ~eT E)p (1)
where, for v, (v, ), C„=2sin20+ —,

' and C, = —,
'
[——')

he difference between v, and v„scattering arises be-
cause charged and neutral currents contribute to the
former, but only neutral currents to the latter. The to-
tal cross section is then given by integration of Eq. (1)
from T= 0 to T~,„=2E2/(2E+ m).
In order to determine rates for solar-v interactions,

we calculate cross sections for production of electrons
in a given energy range weighted over solar-v spectr a t

ates are then calculated with use of the integrated
fluxes of Bahcall, s and with use of the fact that there
are fourteen electrons per Si atom (with
sin20„=0.25). Our results are presented in Table I
and Fig. 1.
As seen from Table I, a detector of recoil electrons

is most sensitive to the pp and Be solar v's. The pp
neutrinos produce recoil electrons with a frequency of

—1 —1

Total (&ee+ ~eN)—1 ton d for silicon, about 500 times the total
rate currently achieved with the 37CI detector. ' As

2 7
shown in Fig. 1, they produce recoil energies bel ow 10

of
keV. The Be neutrinos interact about half as

o ten, and produce recoil electrons with energies up to
60 keV. As a result of the relativel flat differen '
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Principles and applications of a neutral-current detector
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We study detection of MeU-range neutrinos through elastic scattering on nuclei and identification
of the recoil energy. The very large value of the neutral-current cross section due to coherence indi-
cates a detector would be relatively light and suggests the possibility of a true "neutrino observato-
ry." The recoil energy which must be detected is very small (10—10 eV}, however. We examine a
realization in terms of the superconducting-grain idea, which appears, in principle, to be feasible
through extension and extrapolation of currently known techniques. Such a detector could permit
determination of the neutrino energy spectrum and should be insensitive to neutrino oscillations
since it detects all neutrino types. Various applications and tests are discussed, including spallation-
sources, reactors, supernovas, and solar and terrestrial neutrinos. A preliminary estimate of the
most difficult backgrounds is attempted.

One of the most fascinating and challenging problems
of experimental physics at present is connected with the
detection of low- and medium-energy neutrinos. Of the
greatest interest is the nascent field of neutrino astrono-
my. Despite the impressive efforts of Davis and colla-
borators, ' some intriguing indications, and some ambi-
tious proposals, the subject is still in its infancy. The
outcome of the solar neutrino problem is still unclear and
the question of neutrinos from stellar collapse is com-
pletely open. Second, many important questions of par-
ticle physics revolve around the question of neutrino mass
and neutrino mixing, for which studies with low- or
medium-energy neutrinos are particularly suitable.
In this paper we would like to discuss the possibility of

a new kind of detector for such neutrinos, using the
neutral-current process of neutrino-nucleus elastic scatter-
ing for neutrino detection.
The advantages or special features of detection via the

neutral-current process are as follows.
(a) Due to the coherence factor for neutrino-nucleus

scattering and the E increase of the total cross section,
the rates are orders of magnitude greater than that for
other detectors of the same weight.
(b) The neutral-current detector responds to all (known)

types of neutrinos equally. For example, muon neutrinos
may be studied below the energy to produce a muon. The
detector should therefore also be insensitive to neutrino
oscillations.
(c) The neutral-current detector responds to neutrinos

of all energy, and in a known way so that the incoming
neutrino spectrum may be inferred.
The central difficulty, of course, of such a neutral-

current device is that detection can only take place by ob-
servation of a very-low-energy nuclear recoil. This gives
both a small and, at first glance, rather unspecific signal.
In the following we will argue that nevertheless these

difficulties might be overcome using a de]'inite detector
principle, that of the superconducting-grain (or -colloid)

detector. Many of our considerations are quite general,
however, and would apply to any system proposing to use
neutrino-nucleus elastic scattering.
In the superconducting colloid, metastable supercon-

ducting grains of micron dimensions are held in a dielec-
tric filler material in a magnetic field. The field and tem-
perature are so adjusted that a small temperature jump 5T
will flip the grain into the normal state. Owing to the
very small value of the specific heat at low temperature
the energy of a single particle, such as our recoil nucleus,
can suffice to flip the grain, as we show below. As the
grain goes normal, the magnetic field around the grain
collapses, due to the disappearance of the Meissner effect.
This in turn leads to an electromagnetic signal which can
be picked up by a readout loop.
As evident from the brief explanation, the method is

essentially calorimetric and provides no inforination on
direction. Thus, except for short neutrino pulses, as from
supernovas, where timing from several stations might be
used, it is not possible to determine the direction of the
neutrinos. Such a detector, using fast electronics, will
have good timing information, however.
For explanation of the detector principle and its various

tests we refer to the literature. Our object in this paper is
to investigate the ultimate possibilities and limitations of
the device as a neutral-current neutrino detector. We
shall leave for a later time a discussion of its detailed con-
struction and instrumentation. We shall, however, at-
tempt to identify the major advantages and disadvantages
set by basic physics. Thus, in the discussion of noise and
background we will leave aside instrumental noise but will
attempt some estimates of particle backgrounds and their
rejection. When necessary, we shall assume ideal func-
tioning of the instrument and extrapolation or extension
of its properties to theoretically possible but as-yet-
untested areas. We begin by describing neutrino-nucleus
elastic scattering.
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-



Coherent elastic neutrino-nucleus scattering (CEvNS) 

• Neutral current interaction; Total scattering amplitude sum of that on 
constituent nucleons 


• Small momentum transfer wrt to the target size implies coherent 
enhancement 


• Due to Standard Model couplings coherent enhancement due to 
neutrons 


• Low energy recoil distribution implies difficult to detect 

Brice et al, 1311.5958

neutrino neutrino



First detections of CEvNS

The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection
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FIG. 9. Projection of the maximum likelihood PDF from Analysis B on ttrig (left), reconstructed energy (center), and F 90

(right). The fit SS background has been subtracted to better show the CEvNS component. Bin-bin systematic errors were not
calculated in this analysis.

Figure 9 shows the projections of the likelihood fit for
analysis B.

CEvNS Cross Section N Dependence

With the result reported here, the COHERENT col-
laboration has measured the flux-weighted CEvNS cross
section with di↵erent nuclei. These results, along with
the SM prediction, are shown in Figure 10.
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FIG. 10. The measured CEvNS flux-weighted cross sec-
tion from this analysis together with the previous results for
CsI[Na] [34] and as expected in the SM as a function of neu-
tron number. Expectations for planned COHERENT target
nuclei are also computed. The form factor (FF) unity as-
sumption is compared to the Klein-Nystrand [53] value that
is used for this analysis with the green band representing a
±3% variation on the neutron radius.

Non-Standard (Model) Interactions

Results from CEvNS experiments directly constrain
non-standard interactions (NSI) between neutrinos and

quarks mediated by a new, heavy particle. The mediator
is assumed to be a vector. After unitarity constraints,
there are ten independent couplings allowed, ✏f,Vij , with
i, j = e, µ, ⌧ and f = u, d [16]. As an example, we look
at constraints on ✏

u,V
ee and ✏

d,V
ee , with all other couplings

assumed to be zero, because these two are least experi-
mentally constrained.
Constraints are determined by comparing the flux-

averaged cross section predicted in each NSI scenario to
COHERENT data on argon (this result) and on CsI [34].
Both constraints are shown in Fig. 6 and are consistent
with the SM prediction. The argon data disfavor the
slight suppression which is allowed by the CsI data. This
slight excess causes the allowed parameter space regions
to separate into two degenerate bands.

COHERENT collaboration 2017 COHERENT collaboration 2020
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interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is

d�

dT
=

G2
F

4⇡
Q2

W M

✓
1� MT

2E2
⌫

◆
F (Q2)2 , (3)

where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively set

74

Figure 3: (Color online) The solar neutrino spectrum, along with the SSM un-

certainties (Serenelli, Haxton & Peña-Garay 2011). A weak branch from the �

decay of 17F that contributes from the CN II cycle is included. The units for the

continuous sources are cm�2 s�1MeV�1.
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Solar neutrino spectrum in Xenon
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FIG. 4: Left: Regions which contain 90% of the events due to the specified source. The dashed (dotted) line shows the median
of the nuclear (electronic) recoil band. Right: Same as right panel, except now assuming an exposure of 0.2 kilotonne-years,
and zooming in on the vertical axis. Points represent simulated events from the indicated flux components.

TABLE I: List of detector configurations and their corresponding parameters modelled in NEST. Note that g2 is a derived
parameter calculated from more fundamental detector parameters, see [27] for the full detector files used for this analysis.

Configuration g1 (phd/�) g2 (phd/e) drift field (V/cm) electron lifetime (µs)

baseline 0.12 44 100 650

enhanced g1 0.3 44 100 650

enhanced g2 0.12 100 100 650

enhanced V 0.12 44 1000 650

enhanced e-lifetime 0.12 44 100 5000

all enhanced 0.3 100 1000 5000

C. Likelihood analysis

To evaluate the future potential for discovery and mea-
surement of the atmospheric neutrino flux, we perform
a binned likelihood analysis on representative (Asimov)
data sets [30], simulated with various detector exposures.
To generate these data sets, we first perform a Monte
Carlo simulation for each detector configuration, with 108

events for each source of neutrinos. To investigate the ef-
fect of retaining position information in our likelihood, we
obtained simulated distributions of events in two spaces:
{cS1, cS2} and {S1,S2,r,z}, where c in cS1 refers to the
S1 signal after correcting for position-dependent e↵ects
(as performed by NEST), and r and z refer to the radius
and depth of the event in the detector.

The distributions obtained for the ‘all enhanced’ detec-
tor configuration are shown in the left panel of Figure 4
at the 90% confidence level. The separation of signal and
background regions can be deceiving since the expected
rate for the solar components are orders of magnitude
greater than for the atmospheric rate. To visualize the
leakage of background events into the expected atmo-
spheric background region, we therefore show a sample
exposure of 0.2 kilotonne-years (kty) in the right panel

of Figure 4. This sample exposure highlights the futil-
ity of trying to define a background free region for an
atmospheric neutrino search and why we must rely on
statistical discrimination in the {cS1, cS2} plane.
The analysis is performed in a region-of-interest de-

fined by: 2  cS1  120 and 2  log10(cS2)  4.56.
Extending this range does not improve our results sta-
tistically, so this range is chosen to reduce the compu-
tational burden of the analysis by allowing us to focus
our simulation on the regions where our signal events are
expected. These regions are divided into NS1 = 120 and
NS2 = 120 bins, and the event positions are divided into
Nr = 3 and Nz = 5 bins. The Poisson likelihood function
is thus,

L(n|�(µ0)) =
NS1X

i=1

NS2X

j=1

NrX

k=1

NzX

l=1

Poisson(ni,j,k,l|�i,j,k,l(µ
0))

(4)
where Poisson(ni,j,k,l|�i,j,k,l(µ0)) is the Poisson probabil-
ity of observing ni,j,k,l events in the i, j, k, l bin, given an
expected (mean) number of events,

�i,j,k,l(µ
0) = bi,j,k,l + µ0si,j,k,l, (5)

for a given signal strength, µ0, expected background, b,
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Table 2: SSM neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with

associated uncertainties (averaging over asymmetric uncertainties). The solar

values come from a luminosity-constrained analysis of all available data by the

Borexino Collaboration.

⌫ flux Emax
⌫ (MeV) GS98-SFII AGSS09-SFII Solar units

p+p!2H+e++⌫ 0.42 5.98(1 ± 0.006) 6.03(1 ± 0.006) 6.05(1+0.003
�0.011) 1010/cm2s

p+e�+p!2H+⌫ 1.44 1.44(1 ± 0.012) 1.47(1 ± 0.012) 1.46(1+0.010
�0.014) 108/cm2s

7Be+e�!7Li+⌫ 0.86 (90%) 5.00(1 ± 0.07) 4.56(1 ± 0.07) 4.82(1+0.05
�0.04) 109/cm2s

0.38 (10%)

8B!8Be+e++⌫ ⇠ 15 5.58(1 ± 0.14) 4.59(1 ± 0.14) 5.00(1 ± 0.03) 106/cm2s

3He+p!4He+e++⌫ 18.77 8.04(1 ± 0.30) 8.31(1 ± 0.30) — 103/cm2s

13N!13C+e++⌫ 1.20 2.96(1 ± 0.14) 2.17(1 ± 0.14)  6.7 108/cm2s

15O!15N+e++⌫ 1.73 2.23(1 ± 0.15) 1.56(1 ± 0.15)  3.2 108/cm2s

17F!170+e++⌫ 1.74 5.52(1 ± 0.17) 3.40(1 ± 0.16)  59. 106/cm2s

�
2
/P

agr 3.5/90% 3.4/90%

Table 3: Results from global 3⌫ analyses including data through Neutrino2012.

Bari Analysis (Fogli et al. 2012) Valencia Analysis (Forero, Tórtola & Valle 2012)

Parameter/hierarchy Best 1� Fit 2� Range 3� Range Best 1� Fit 2� Range 3� Range

�m
2
21(10�5eV2) 7.54+0.26

�0.22 7.15 $ 8.00 6.99 $ 8.18 7.62±0.19 7.27 $ 8.01 7.12 $ 8.20

�m
2
31(10�3eV2) NH 2.47+0.06

�0.10 2.31 $ 2.59 2.23 $ 2.66 2.55+0.06
�0.09 2.38 $ 2.68 2.31 $ 2.74

IH �(2.38+0.07
�0.11) �(2.22 $ 2.49) �(2.13 $ 2.57) �(2.43+0.07

�0.06) �(2.29 $ 2.58) �(2.21 $ 2.64)

sin2
✓12 0.307+0.018

�0.016 0.275 $ 0.342 0.259 $ 0.359 0.320+0.016
�0.017 0.29 $ 0.35 0.27 $ 0.37

sin2
✓23 NH 0.386+0.024

�0.021 0.348 $ 0.448 0.331 $ 0.637

8
>><

>>:

0.613+0.022
�0.040

0.427+0.034
�0.027

0.38 $ 0.66 0.36 $ 0.68

IH 0.392+0.039
�0.022

8
>><

>>:

0.353 $ 0.484

0.543 $ 0.641

0.335 $ 0.663 0.600+0.026
�0.031 0.39 $ 0.65 0.37 $ 0.67

sin2
✓13 NH 0.0241 ± 0.0025 0.0193 $ 0.0290 0.0169 $ 0.0313 0.0246+0.0029

�0.0028 0.019 $ 0.030 0.017 $ 0.033

IH 0.0244+0.0023
�0.0025 0.0194 $ 0.0291 0.0171 $ 0.0315 0.0250+0.0026

�0.0027 0.020 $ 0.030 0.017 $ 0.033

High-Z Low-Z

Haxton et al. 2013
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Table 3: Main characteristics of SSMs representative of high-Z (GS98) and low-Z (AGSS09) solar compositions.Models have been computed
including the most up-to-date input physics [64]. Helioseismic constraints are given when available. See text for details.

SFII-GS98 SFII-AGSS09 Helioseismology(!/")⨀ 0.0229 0.0178 —!" 0.0170 0.0134 0.0172 ± 0.002 [65]#" 0.2429 0.2319 0.2485 ± 0.0034 [60]$CZ/$⨀ 0.7124 0.7231 0.713 ± 0.001 [59]⟨&'/'⟩ 0.0009 0.0037 —⟨&*/*⟩ 0.011 0.040 —!# 0.0200 0.0159 —## 0.6333 0.6222 —⟨,#⟩ 0.7200 0.7136 0.7225 ± 0.0014 [66]!ini 0.0187 0.0149 —#ini 0.2724 0.2620 —
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Figure 1: Sound speed and density relative di3erences between solar models and the Sun as determined from helioseismic inversions [72].
4e convective envelope is depicted by the grey area.

is, high-Z models, reproduce overall the most important
seismic constraints. Improvements in the input physics, for
example, radiative opacities and nuclear reaction rates, that
have occurred over the last 10 years introduce only small
changes to the solar structure as seen by helioseismology. On
the other hand, the solar abundance problem arises if the
solar surface composition used to construct SSMs are derived
from the most sophisticated 3D RHD solar model atmo-
spheres.4e family of low-Z SSMs does not match any helio-
seismic constraint.

Have we reached the limit where the paradigm of the SSM
is not good enough as a model of the solar interior? Are the
3D-based determinations of solar abundances systematically
underestimating the metallicity of the solar surface? Does
the microscopic input physics in solar models, for example,
radiative opacities, need to be thoroughly revised? It is not
possible to advance answers to these questions, but solar neu-
trino experiments can play an important role in guiding the
research towards the solution of the solar abundance
problem. In the next section, we discuss the current status
on the theoretical predictions of solar neutrino 5uxes and the
prospects of using solar neutrinos to constraint the properties
of the solar core.

3.3. Solar Models: Neutrino Fluxes

3.3.1. Production. Based on theoretical arguments and indi-
rect evidence, it has long been believed that the source of
energy of the Sun is the conversion of protons into helium,4p → 4He+2.++2/$+0.4e original quest for solar neutri-
nos was indeed the search for the experimental con6rmation
of this hypothesis (Under peculiar conditions reached in
advanced phases of stellar evolution, hydrogen can be con-
verted into heliumby other cycles like theNaMg-cycle.While
important for nucleosynthesis or intermediate mass ele-
ments, these processes are not energetically relevant.). In
more detail, hydrogen burning in the Sun (and in all other
hydrogen-burning stars) takes place either through the pp-
chains or theCNO-bicycle [43, 75]. Proton fusion through the
pp-chains is a primary process because only protons need to
be present in the star. On the contrary, the CNO-bicycle is
secondary because the proton fusion relies on, and is regu-
lated by, the abundance of C, N, andOwhich act as catalyzers.
4is qualitative di3erence is very important, since it renders
neutrino 5uxes from the CNO-bicyle a very good diagnostic
tool to study properties of the solar core, particularly its com-
position, as it will be discussed below. A general discussion

Antonelli et al. 2013
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FIG. 1. Multivariate fit results (an example obtained with the MC method) for the TFC-subtracted (left) and the TFC-tagged
(right) energy spectra, with residuals. The sum of the individual components from the fit (black lines) are superimposed on
the data (grey points).
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tion rates: (i) the light yield, (ii) a resolution parameter
which accounts for the non-uniformity of the response
and is relevant for the high-energy part of the spectrum,
(iii) a resolution parameter which accounts for the intrin-
sic resolution of the scintillator and e↵ectively takes into
account other contributions at low energy, (iv) the posi-
tion and width of the 210Po-↵ peak (to account for non-
uniform and time-varying spatial distribution of 210Po
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FIG. 3. Results of the fit for TFC-subtracted energy spectrum
zoomed in to the lowest energy region (an example obtained
with the analytical method) and residuals.

in the detector), and (v) the starting point of the 11C
spectrum, corresponding to the annihilation of the two
511 keV �’s. Leaving the above listed parameters free
gives the analytical fit the freedom to account for second-
order unexpected e↵ects or unforeseen variations of the
detector response in time.
The second method is based on the Borexino MC [14],

a customized Geant4-based simulation package [17],
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FIG. 5. Allowed contours in the fBe-fB parameter space ob-
tained by combining the new result on 7Be ⌫’s with solar
and KamLAND data. The 1� theoretical prediction for the
low metallicity (blue) and the high metallicity (red) SSM
are also shown. The best fit (obtained fixing sin2✓13 to
0.02 [20]) is found to be: �(7Be)= (5.00±0.15)⇥ 109 cm2/s�1;
�(8B)= (5.08± 0.10)⇥ 106 cm2/s�1; tan2✓12 =0.47± 0.03;
�m2

12 =7.5⇥10�5± 0.2 eV2.

metallicity solar models is now largely dominated by the-
oretical uncertainties.

Following the procedure described in [12], we combine
our new result on the 7Be solar ⌫ interaction rate with all
the solar and KamLAND data and obtain the regions of
allowed values for the reduced fluxes fBe and fB (fBe =
�(7Be)/�(7Be)HZ, fB = �(8B)/�(8B)HZ). Fig. 5 shows
the allowed contours together with the 1� theoretical pre-
dictions for high metallicity and low metallicity SSM.

The pp interaction rate is consistent with our previ-
ous result and its uncertainty is reduced by about 20%.
The combination of the Borexino results on pp and 7Be ⌫
fluxes can be used to measure experimentally for the first
time the ratio R between the rates of the 3He-4He and
the 3He-3He reactions occurring in the pp chain inside
the Sun [21]. The value of R reflects the competition
between the two primary modes of terminating the pp
chain and hence is a critical probe of solar fusion. By ne-
glecting the pep and 8B ⌫ contribution, R can be written
as 2�(7Be)/[�(pp)-�(7Be)] . We find R=0.18± 0.02, in
agreement with the most up-to-date predicted values for
R=0.180± 0.011 (HZ) and 0.161± 0.010 (LZ) [4].

The correlation between the CNO and pep ⌫ interac-
tion rates is broken by constraining the CNO one. The
7Be and pp ⌫ interaction rates are not a↵ected by the hy-
pothesis on CNO ⌫’s within our sensitivity. However, the
pep ⌫ interaction rate depends on it, being 0.22 cpd/100 t
higher if the LZ hypothesis is assumed (see Table I).

The��2 profile obtained by marginalizing the pep rate
is shown in Fig. 6 (left) for both the HZ and LZ assump-
tions on CNO ⌫ rate. Both curves are symmetric and
allow us to establish, for the first time, that the absence

of pep reaction in the Sun is rejected at more than 5�.

From the measured interaction rates of pp, 7Be,
and pep neutrinos and assuming the HZ SSM fluxes,
the calculation of the survival probability Pee yields:
Pee(pp)= 0.57± 0.10, Pee(7Be, 862 keV)=0.53± 0.05,
and Pee(pep)= 0.43± 0.11. Fig. 7 compares these
Pee results with the expectations from the standard
MSW-LMA oscillation scenario (taken from [20]).

The similarity between the e� recoil spectrum induced
by CNO neutrinos and the 210Bi spectrum makes it im-
possible to disentangle the two contributions with the
spectral fit. For this reason, we can only provide an up-
per limit on the CNO neutrinos. In order to do so, we
need further to break the correlation between the CNO
and pep contributions. In Phase-I, this was achieved by
fixing the pep ⌫ rate to the theoretical value [10]. In
the current analysis, where pp ⌫’s are included in the ex-
tended energy range, we place an indirect constraint on
pep ⌫’s by exploiting the theoretically well known pp and
pep flux ratio. The interaction rate ratio R(pp/pep) is
constrained to (47.7 ± 1.2) (HZ) [4], [20]. Constraining
R(pp/pep) to the LZ hypothesis value 47.5 ± 1.2 gives
identical results.

We carried out a sensitivity study by performing the
analysis on thousands of data-sets simulated with a toy
Monte Carlo tool: this study shows that under the
current experimental conditions the total expected un-
certainty (statistical plus systematical) is 3.4 cpd/100 t.
With this error, we expect the median 95% C.L. upper
limit for CNO to be ⇠ 9 cpd/100 t and 10 cpd/100 t, for
low and high metallicity, respectively. On data, we ob-
tain an upper limit on CNO ⌫ rate of 8.1 cpd/100 t (95
% C.L.) (see Table I), which is slightly stronger than the
median limit expected from the toy Monte Carlo study.
The likelihood profile for the CNO rate is shown in Fig. 6
(right). This result, using a weaker hypothesis on pep ⌫,
confirms the current best limit on CNO ⌫’s previously
obtained with Borexino Phase-I data [10].

In summary, we have reported the results of the first
simultaneous measurement of the pp, 7Be, and pep com-
ponents of the solar neutrino spectrum providing a com-
prehensive investigation of the main pp chain in the Sun:
we achieved a 2.7% precision on the 7Be ⌫ flux and the
strongest evidence (higher than 5�) of the pep reaction.
Furthermore, by combining our new results on the 7Be
and pp ⌫ fluxes we obtain the first direct measurement
of the ratio R between the 3He-4He and the 3He-3He
reactions which is a critical probe of solar fusion.
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(Poland). We acknowledge the generous hospitality and
support of the Laboratory Nazionali del Gran Sasso
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.
Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.

3

Figure 5: Left. Counting analysis. The vertical axis is the number of events allowed by the data for CNO-⌫ and
backgrounds in ROI; on the left, the CNO signal is minimum and backgrounds are maximum, while on the right, CNO
is maximum and backgrounds are minimum. It is clear from this figure that CNO cannot be zero. Right. CNO-⌫ rate
negative log-likelihood profile directly from the multivariate fit (dashed black line) and after folding in the systematic
uncertainties (black solid line). Histogram in red: CNO-⌫ rate obtained from the counting analysis. Finally, the blue,
violet, and grey vertical bands show 68% confidence intervals (C.I.) for the SSM-LZ and SSM-HZ [2, 21] predictions and
the Borexino result (corresponding to black solid-line log-likelihood profile), respectively.

pep neutrino rate is constrained to (2.74 ± 0.04) cpd
per 100 t by multiplying the standard likelihood with
a symmetric Gaussian term. The upper limit to
the 210Bi rate obtained from eq. 3 is enforced asym-
metrically by multiplying the likelihood with a half-
Gaussian term, i.e., leaving the 210Bi rate uncon-
strained between 0 and 11.5 cpd per 100 t .

The reference spectral and radial distributions
(PDFs) of each signal and background species to be
used in the multivariate fit are obtained with a com-
plete Geant4-based Monte Carlo simulation [15, 31].

The results of the multivariate fit for data in which
the 11C has been subtracted with the TFC technique
are shown in Fig. 2. The p-value of the fit is good
(0.3) demonstrating the fair agreement between data
and the underlying fit model. The corresponding neg-
ative log-likelihood for CNO-⌫, profiled over the other
neutrino fluxes and background sources, is shown in
Fig. 5 (dashed black line in the right panel). The
best fit value is 7.2 cpd per 100 t with an asymmetric
confidence interval of -1.7 cpd per 100 t and +2.9 cpd
per 100 t (68% C.L., statistical error only), obtained
from the quantile of the likelihood profile.

We have studied several possible sources of sys-
tematic error following an approach similar to the
one used in [6, 15]. We have investigated the impact
of varying fit parameters (fit range and binning) on
the result by performing 2500 fits in di↵erent con-
ditions and found it to be negligible with respect
to the CNO statistical uncertainty. We also consid-
ered the e↵ect of di↵erent theoretical 210Bi shapes

from [32, 33, 34] and found that the CNO result is
robust with respect to the selected one [32]. Di↵er-
ences are included in the systematic error. We have
performed a detailed study of the impact of possible
deviations of the energy scale and resolution from the
Monte Carlo model: non-linearity, non-uniformity,
and variation in the absolute magnitude of the scintil-
lator light yield have been investigated by simulating
several million Monte Carlo pseudo-experiments with
deformed shapes and fitting them with the regular
non-deformed PDFs. The magnitude of the deforma-
tions was chosen to be within the range allowed by
the available calibrations [35] and by two ”standard
candles” (210Po, 11C) present in the data. The over-
all contribution to the total error of all these sources
is -0.5/+0.6 cpd per 100 t.

Other sources of systematic error investigated
in the previous precision measurement of the pp

chain [6], such as, fiducial volume, scintillator den-
sity, and lifetime were found to be negligible with
respect to the large CNO statistical uncertainty.

The log-likelihood profile including all the errors
combined in quadrature is shown in Fig. 5, right
(black solid line). The asymmetry of the profile is
due to the applied half-Gaussian constraint on the
210Bi , see eq. (3). Thanks to this 210Bi constraint,
the profile is relatively steep on the left side of the
minimum. The shallow shape on the right side of the
profile reflects the mild sensitivity to distinguish the
spectral shapes of 210Bi and CNO. From the corre-
sponding profile-likelihood we obtain a 5.1� signifi-
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FIG. 2: Fractional flux uncertainty (�f) on the pp, 7
Be, pep, and CNO components as a function of threshold nuclear recoil

energy. The top row is for Ge, and the bottom row is for Si. For the pp, 7
Be, and pep panels, the Borexino sensitivity is

indicated. In the 7
Be, pep, and CNO panels, energy regions where the pp signal dominates is shaded light grey. In the pep

and CNO panels, energy regions where the pp signal dominates is shaded light grey, and energy regions where the 7
Be signal

dominates is shaded dark grey. Note the di↵erence in energy ranges between the panels, and the di↵erent curves in each panel
correspond to di↵erent exposures.

in nuclear recoil energy bins of width ⇠ eV. We quote
results in terms of the fractional uncertainty on the flux
normalization, �f , and quantify how the measurement of
�f for each component improves with decreasing nuclear
recoil energy threshold and increasing exposure.

For our fiducial model we assume the high-Z SSM for
the flux normalizations. Figure 2 shows �f for the pp,
7Be, pep, CNO fluxes as a function of threshold nu-
clear recoil energy for di↵erent exposures Texp. In all
cases there is a dramatic improvement in the measure-
ment of �f as the threshold is dropped into the regimes
where each respective flux component dominates (Fig-
ure 1). For pp neutrinos, a Si detector reaches the Borex-
ino sensitivity for a threshold <⇠ 3 eV and an exposure
⇠ 5 kg-yr, while a Ge detector reaches the Borexino sen-
sitivity for the same threshold and an exposure ⇠ 500
kg-yr. It should be emphasized that the Borexino mea-
surement is neutrino-electron scattering, which is due
mostly to charged-current interactions. A CNS measure-
ment would thus represent the first pure neutral current
detection of these flux components.

For the 7Be flux, a ⇠ 50 kg-yr Ge exposure with ⇠
10 eV threshold will result in a detection with �f '
0.15. At this same threshold, ⇠ 500 kg-yr exposure with
Ge will match the Borexino sensitivity, �f ' 0.05. For
Si, ⇠ 50 kg-yr exposure with a ⇠ 30 eV threshold will
result in a detection with �f ' 0.25, and a >⇠ 500 kg-
yr exposure matches the Borexino sensitivity. Thus for

>⇠ 1 eV threshold, a Si detector is most sensitive to the
pp flux, while a Ge detector is most sensitive to the 7Be
flux.
The pep and CNO fluxes are prominent at energies

lower than 8B, but higher than 7Be. Though the pep
and CNO spectral shapes are di↵erent, their flux nor-
malizations are correlated in a multi-component analy-
sis. This is evident in Figure 1 which indicates a brief
saturation as the threshold is lowered before �f is ulti-
mately minimized. For the pep flux, we find that a ⇠ 500
kg-yr Ge exposure with ⇠ 10 eV threshold will measure
normalization to a fractional uncertainty of ⇠ 0.4. This
exposure will provide a ⇠ 2� detection of the CNO flux.
Increasing the exposure to 5 ton-yr will match the Borex-
ino charged current sensitivity to the pep flux, and also
attain �f ⇠ 0.2 on the CNO flux.

IV. DISCUSSION AND CONCLUSION

We have examined the potential for direct dark matter
searches to reach the neutrino floor with detector mass
similar to those under development and with ultra-low
energy thresholds, as low as ⇠ eV. These detectors, such
as e.g. SuperCDMS [4], will be sensitive to dark matter
with mass ⇠ GeV. For reasonable detector mass ⇠ 50 kg-
yr, a threshold of ⇠ 10 (30) eV in Ge (Si) will measure
the 7Be solar neutrino flux. Approximately an order of
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FIG. 2: Fractional flux uncertainty (�f) on the pp, 7
Be, pep, and CNO components as a function of threshold nuclear recoil

energy. The top row is for Ge, and the bottom row is for Si. For the pp, 7
Be, and pep panels, the Borexino sensitivity is

indicated. In the 7
Be, pep, and CNO panels, energy regions where the pp signal dominates is shaded light grey. In the pep

and CNO panels, energy regions where the pp signal dominates is shaded light grey, and energy regions where the 7
Be signal

dominates is shaded dark grey. Note the di↵erence in energy ranges between the panels, and the di↵erent curves in each panel
correspond to di↵erent exposures.

in nuclear recoil energy bins of width ⇠ eV. We quote
results in terms of the fractional uncertainty on the flux
normalization, �f , and quantify how the measurement of
�f for each component improves with decreasing nuclear
recoil energy threshold and increasing exposure.

For our fiducial model we assume the high-Z SSM for
the flux normalizations. Figure 2 shows �f for the pp,
7Be, pep, CNO fluxes as a function of threshold nu-
clear recoil energy for di↵erent exposures Texp. In all
cases there is a dramatic improvement in the measure-
ment of �f as the threshold is dropped into the regimes
where each respective flux component dominates (Fig-
ure 1). For pp neutrinos, a Si detector reaches the Borex-
ino sensitivity for a threshold <⇠ 3 eV and an exposure
⇠ 5 kg-yr, while a Ge detector reaches the Borexino sen-
sitivity for the same threshold and an exposure ⇠ 500
kg-yr. It should be emphasized that the Borexino mea-
surement is neutrino-electron scattering, which is due
mostly to charged-current interactions. A CNS measure-
ment would thus represent the first pure neutral current
detection of these flux components.

For the 7Be flux, a ⇠ 50 kg-yr Ge exposure with ⇠
10 eV threshold will result in a detection with �f '
0.15. At this same threshold, ⇠ 500 kg-yr exposure with
Ge will match the Borexino sensitivity, �f ' 0.05. For
Si, ⇠ 50 kg-yr exposure with a ⇠ 30 eV threshold will
result in a detection with �f ' 0.25, and a >⇠ 500 kg-
yr exposure matches the Borexino sensitivity. Thus for

>⇠ 1 eV threshold, a Si detector is most sensitive to the
pp flux, while a Ge detector is most sensitive to the 7Be
flux.
The pep and CNO fluxes are prominent at energies

lower than 8B, but higher than 7Be. Though the pep
and CNO spectral shapes are di↵erent, their flux nor-
malizations are correlated in a multi-component analy-
sis. This is evident in Figure 1 which indicates a brief
saturation as the threshold is lowered before �f is ulti-
mately minimized. For the pep flux, we find that a ⇠ 500
kg-yr Ge exposure with ⇠ 10 eV threshold will measure
normalization to a fractional uncertainty of ⇠ 0.4. This
exposure will provide a ⇠ 2� detection of the CNO flux.
Increasing the exposure to 5 ton-yr will match the Borex-
ino charged current sensitivity to the pep flux, and also
attain �f ⇠ 0.2 on the CNO flux.

IV. DISCUSSION AND CONCLUSION

We have examined the potential for direct dark matter
searches to reach the neutrino floor with detector mass
similar to those under development and with ultra-low
energy thresholds, as low as ⇠ eV. These detectors, such
as e.g. SuperCDMS [4], will be sensitive to dark matter
with mass ⇠ GeV. For reasonable detector mass ⇠ 50 kg-
yr, a threshold of ⇠ 10 (30) eV in Ge (Si) will measure
the 7Be solar neutrino flux. Approximately an order of
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We employ a framework of simplified models to explore the available parameter space of of non-
standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
can vastly extend the reach beyond DUNE. In models with equal couplings to charged leptons, the
strength of the limits will only be extended and the upper bound on detectable NSI mediator masses
only further constrained.

I. INTRODUCTION

At low-energies NSI is encompassed by the Lagrangian

LNSI � "
p
2GF ⌫̄�µ⌫f̄�µf (1)

where f = u, d, e and " parameterizes the strength of NSI in units of the the electroweak Fermi constant GF '
10�5 GeV�2. The interest in NSI originally arose from the novel flavor impact such an interaction can have [1]
from the coherent forward scattering on neutrinos on the medium. This can thought of as an index of refraction for
neutrinos.

The e↵ects become of LNSI become important whenever the matter potential is comparable to (or larger than) the
vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when

⌫

f

Neutral Mediator Models Charged Mediators Models

Z 0
S

f

⌫⌫ ⌫

f f

FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models

scale direct dark matter detection experiments [28, 29]. We identify an interference range of

NSI parameters for which the rate is reduced by approximately 40%. We additionally show

that the “dark side” solution for solar neutrino mixing angles can be probed by forthcoming

dark matter experiments.

II. SOLAR NEUTRINOS AND NON-STANDARD INTERACTIONS

For neutral current NSI, the most general four fermion interaction is

Lint = 2
p

2GF ⌫̄↵L�
µ⌫�L

⇣
✏fL↵� f̄L�µfL + ✏fR↵� f̄R�µfR

⌘
, (1)

where ↵, � = e, µ, ⌧ indicates the neutrino flavor, and L, R denote left and right-handed

components. From this, the cross section for the interaction between a neutrino and a

fermion, ⌫� + f ! ⌫↵ + f , as a function of nuclear recoil energy, Er, is

d�

dEr
=

2

⇡
G2

Fmf

"���✏fL↵�
���
2

+
���✏fR↵�

���
2
✓
1�

Er

E⌫

◆2

�
1

2

⇣
✏fL⇤↵� ✏fR↵� + ✏fL↵�✏

fR⇤
↵�

⌘ mfEr

E2
⌫

#
, (2)

where mf is the mass of the electron or nucleus [30]. Note that a change of neutrino flavor

may be induced by NSI. The ✏’s of electron scattering in Equation 2 can be written as

✏eL↵↵ ! �↵e +

✓
�
1

2
+ sin2 ✓w

◆
+ ✏eL↵↵ (3)

✏eR↵↵ ! sin2 ✓w + ✏eR↵↵, (4)

where the NSI contributions are given by the last term on the right hand side of both of

these equations, and the remaining terms are SM contributions.

Accounting for the spin-up and spin-down components in a nucleus, it is more convenient

to use vector and axial vector parameters ✏V = ✏L+ ✏R and ✏V = ✏L� ✏R. Then after a short

summation,

✏L↵↵ !
1

2
Z✏pV↵↵ +

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ +

1

2
(N+ �N�) ✏

nA
↵↵ (5)

✏R↵↵ !
1

2
Z✏pV↵↵ �

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ �

1

2
(N+ �N�) ✏

nA
↵↵ (6)

where Z+(N+) and Z�(N�) are the corresponding numbers of spin-up and spin-down protons
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fit ranges Analysis A Analysis B

F 90 0.5 � 0.9 0.5 � 0.8

E (keVee) 0.0 � 120.0 4.1 � 30.6

ttrig (µs) �0.1 � 4.9 �1.0 � 8.0

total events selected 3752 1466

predicted

CEvNS 128 ± 17 101 ± 12

BRN, prompt 497 ± 160
226 ± 33

BRN, delayed 33 ± 33

SS 3152 ± 25 1155 ± 45

total events predicted 3779 1482

fit

CEvNS 159 ± 43 121 ± 36

BRN, prompt 553 ± 34
222 ± 23

BRN, delayed 10 ± 11

SS 3131 ± 23 1112 ± 41

total events fit 3853 1455

fit systematic errors

CEvNS F 90 E dependence 4.5% 3.1%

CEvNS ttrig mean 2.7% 6.3%

BRN E dist. 5.8% 5.2%

BRN ttrig mean 1.3% 5.3%

BRN ttrig width 3.1% 7.7%

total CEvNS sys. error 8.5% 13%

fit results

null significance (stat. only) 3.9� 3.4�

null significance (stat.+sys.) 3.5� 3.1�

TABLE I. Summary of parameters, errors, and results from
the maximum likelihood analysis. Analysis A divides the
BRN component into “prompt” and “delayed” parts. “BRN”
and “SS” are the beam-related-neutron and steady-state
backgrounds.

Analysis A Analysis B

SM-predicted (⇥10�39 cm2) 1.8

fit CEvNS events 159 ± 43 121 ± 36

cross section systematic errors:

detector e�ciency 3.6% 1.6%

energy calibration 0.8% 4.6%

F90 calibration 7.8% 3.3%

quenching factor 1.0% 1.0%

nuclear form factor 2.0% 2.0%

neutrino flux 10% 10%

total cross section sys. error 13% 12%

measured (⇥10�39 cm2) 2.3 ± 0.7 2.2 ± 0.8

TABLE II. Summary of flux-averaged cross section results
and errors.
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FIG. 5. Measured CEvNS flux-averaged cross section for the
two analyses, along with the SM prediction. The horizontal
bars indicate the energy range of the flux contributing. The
minimum value is set by the NR threshold energy, di↵erent for
each analysis. The 2% error on the theoretical cross section
due to uncertainty in the nuclear form factor is also illustrated
by the width of the band. The SNS neutrino flux is shown
with arbitrary normalization.

FIG. 6. Allowed regions of non-standard neutrino inter-
actions (NSI) for a vector-coupled quark-electron interaction
from this measurement, together with the previous COHER-
ENT CsI[Na] measurement [34] and the CHARM experi-
ment [52]. The dashed black lines show the SM prediction.

ous COHERENT CsI[Na] result [34]. This measurement
further constrains the allowed region of the parameter
space from the CsI[Na] measurement.
Summary — A 13.7 ⇥ 1022 protons-on-target sam-

ple of data, collected with the CENNS-10 detector in the
SNS neutrino alley at 27.5 m from the neutron produc-
tion target, was analyzed to measure the CEvNS process
on argon. Two independent analyses observed a more

After some algebra and applying the assumptions already discussed, the cross
section of electron anti-neutrino coherent scattering off a nucleus in the low energy

limit, T ! Eν , is given by

dσ

dT
(Eν , T ) =

G2
F M

π

(

1 −
MT

2E2
ν

)

×

×
{

[

Z(gp
V + 2εuV

ee + εdV
ee ) + N(gn

V + εuV
ee + 2εdV

ee )
]2

+

+
∑

α=µ,τ

[

Z(2εuV
αe + εdV

αe ) + N(εuV
αe + 2εdV

αe )
]2
}

. (2.9)

In the next section we will use this expression to compute the expected number of

events for different detectors.

3. Experimental sensitivity to NSI couplings

Experimental detection of coherent neutrino scattering has not yet been achieved.
Several possible methods of detecting neutrino-nucleus coherent scattering have been

previously discussed using superconducting [21], acoustic [22], cryogenic [23], and gas
detectors [24, 5]. Recently, an ultra low energy germanium detector has been pro-

posed by the TEXONO Collaboration [4]. They plan to achieve a sub-keV threshold
with a kg-scale detector.

In this section we demonstrate the sensitivity to NSI coming from the coherent
neutrino-nuclei scattering. In order to apply our analysis to a concrete case, we will
concentrate our discussion on the germanium TEXONO proposal [4]. The detector

would be located at the Kuo-Sheng Nuclear Power Station at a distance of 28 m
from the reactor core. We asume a typical neutrino flux of 1013 s−1 cm−2. There

are several parametrizations that consider in detail the neutrino spectrum coming
from a reactor [25], depending on the fuel composition. In this work we prefer to
consider only the main component of the spectrum [26] coming from 235U, since the

experiment is not running yet. For energies below 2 MeV there are only theoretical
calculations for the antineutrino spectrum that we take from Ref. [27].

Besides the TEXONO proposal, we will also discuss the more theoretical case of
a silicon detector in order to illustrate the potential of a combined analysis of two

different materials.

3.1 The detector

If we neglect for a moment the detector efficiency and resolution, we can estimate

the total number of expected events in a detector as

Nevents = tφ0
Mdetector

M

Emax
∫

Emin

dEν

Tmax(Eν)
∫

Tth

dTλ(Eν)
dσ

dT
(Eν , T ) , (3.1)
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Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.
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The expression for Pc is also easily found in the same
basis, where it becomes apparent that the dynamics of
conversion in matter depends only on the relative orienta-
tion of the eigenstates of the vacuum and matter Hamil-
tonians. This allows to directly apply the known analyt-
ical solutions for Pc, and, upon rotating back, obtain a
generalization of these results to the NSI case. For exam-
ple, the answer for the infinite exponential profile [18, 19]
A ∝ exp(−r/r0) becomes Pc = (exp[γ(1− cos 2θrel)/2]−
1)/[exp(γ) − 1], where γ ≡ 4πr0∆ = πr0∆m2/Eν . We
further observe that since γ $ 1 the adiabaticity viola-
tion occurs only when |θ−α| % 1 and φ & π/2, which is
the analogue of the small-angle MSW [10, 20] effect in the
rotated basis. The “resonant” region in the Sun where
level jumping can take place is narrow, defined by A & ∆
[21]. A neutrino produced at a lower density evolves adi-
abatically, while a neutrino produced at a higher density
may undergo level crossing. The probability Pc in the
latter case is given to a very good accuracy by the for-
mula for the linear profile, with an appropriate gradient
taken along the neutrino trajectory,

Pc & Θ(A − ∆)e−γ(cos 2θrel+1)/2, (12)

where Θ(x) is the step function, Θ(x) = 1 for x > 0 and
Θ(x) = 0 otherwise. We emphasize that our results differ
from the similar ones given in [5, 22] in three important
respects: (i) they are valid for all, not just small values of
α (which is essential for our application), (ii) they include
the angle φ, and (iii) the argument of the Θ function does
not contain cos 2θ, as follows from [21]. We stress that
for large values of α and φ & π/2 adiabaticity is violated
for large values of θ.

Finally, to get an idea on the size of the day/night
asymmetry, ADN ≡ 2(N −D)/(N +D), (here D (N) de-
notes the νe flux at the detector during the day (night))
we can model the Earth as a sufficiently long (com-
pared to the oscillation length) object of constant den-
sity. For 8B neutrino energies, this is appropriate for
∆m2 >∼ 3 − 5 · 10−5 eV2. Introducing a small parameter
x⊕ ≡ A/∆, where A is evaluated for a typical density
inside the Earth, we find, to the first order in x⊕,

ADN & x⊕
sin 2θ(cos 2α sin 2θ + cos 2φ sin 2α cos 2θ)

−[cos 2θ#(1 − 2Pc)]−1 − cos 2θ
.

(13)
We verified that Eq. (13) gives a good agreement with
precise numerical calculations for ne & 1.6 moles/cm3.
For the lower ∆m2 region allowed by KamLAND, ∆m2 >∼
1 − 3 · 10−5 eV2, the oscillation length is comparable to
the size of the Earth, however, the averaging in Eq. (13)
still applies to a signal integrated over the zenith angle.

In Fig. 1 we plot the neutrino survival probability as a
function of energy for several representative values of the
NSI parameters. We take ∆m2 and θ corresponding to
the best-fit LMA point and choose the production point
to be at r = 0.1R#. Curve (1) is the standard interaction
case, given for reference. The other three curves repre-
sent the three qualitatively different regimes that are of
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FIG. 1: The electron neutrino survival probability and the
day/night asymmetry as a function of energy for ∆m2 = 7×

10−5 eV2, tan2 θ = 0.4 and several representative values of
the NSI parameters: (1) εu

11 = εd
11 = εu

12 = εd
12 = 0; (2)

εu
11 = εd

11 = −0.008, εu
12 = εd

12 = −0.06; (3) εu
11 = εd

11 =
−0.044, εu

12 = εd
12 = 0.14; (4) εu

11 = εd
11 = −0.044, εu

12 =
εd
12 = −0.14. Recall that the parameters in Eq. (5) equal

εij = εu
ijnu/ne + εd

ijnd/ne.

interest to us. In the following we illustrate them in con-
nection with observations. For definiteness, we consider
real values of ε12, both positive (φ = 0) and negative
(φ = π/2). As is clear from Eq. (6), complex values
(0 < φ < π/2) interpolate between these two cases.

III. ANALYSIS OF DATA

We now turn to the comparison of the NSI predictions
with observations. To do this, we perform a best fit anal-
ysis of the solar neutrino and KamLAND data along the
lines of Refs. [23, 24]. In particular, solar data include the
radiochemical rates [25, 26, 27, 28], the SK ES zenith-
spectra [29], the SNO day-night spectra [30, 31, 32] mea-
sured in phase-I and the SNO rates measured in phase-
II [33]. For consistency, the NC rate prediction for SNO
is treated as a free parameter because it is affected by
an unknown change in the axial coupling of the quarks
that could accompany the vector NSI considered in our
analysis [34]. In our calculations, we use the updated
BP04 [35] Standard Solar Model (SSM) fluxes, electron
density and neutrino production point distributions in
the Sun. For KamLAND we considered the measured
antineutrino spectrum with visible energies higher than
2.6 MeV [36].

The key ingredients of our analysis turn out to be the

Friedland, Lunardini, Pena-Garay PLB 2004



FIG. 3: Electron neutrino survival probability for the SM (blue) compared to cases in which the
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FIG. 4: Event rate as a function of energy threshold for di↵erent NSI models. Horizontal lines

indicate where the event rate falls below one per year for, from top to bottom, 0.1, 1 and 10 ton

detectors.

The aforementioned results clearly indicate that NSI will a↵ect future low-mass dark

matter searches. Previous studies have used a specific statistical criteria, i.e. a discovery

limit [8, 41], to quantify how the dark matter sensitivity scales as a function of detector

exposure. For simplicity, here we just consider dark matter searches to be significantly

impacted when the number of neutrino events above a given nuclear energy threshold exceeds

one, for a given detector exposure. Figure 4 shows how this event rate depends on energy

threshold, for NSI parameters which give a maximal deviation from the SM. This clearly

indicates how the neutrino floor may ultimately be either raised or lowered if NSI are allowed.

Finally, we note that when NSI are allowed, a “dark side” solution for the LMA appears,

characterized by ✓12 > 45� (LMA-d) [35]. In Figure 5, we show that this solution can be

8

Matter potential introduces new phenomenology 

[B. Dutta, S. Liao, L. Strigari, J. Walker, PLB 2017 (1705.00661)]

Solar neutrinos and Non-Standard Interactions

In the effective or in the light mediator limit, NSI may increase or decrease the predicted 
rate in low-threshold detectors [D. Aristizabal-Sierra, B. Dutta, S. Liao, L. Strigari 2019] 



Constraints on dark side solutions 

Coloma, Gonzalez-Garcia, Maltoni, Schwetz PRD 2017; 
Coloma, Denton, Gonzalez-Garcia, Maltoni 2017; Denton, 

Farzan, Shoemaker 2018; Denton & Gehrlein 2020

• Measurements of oscillation parameters are degenerate 
with NSI parameters. Oscillation data still allow for large 
NSI couplings and MSW LMA Dark side solution 
[Miranda, Valle, Tortola, 2006]

• Changes octant of solar angle and sign of mass ordering

• Non-oscillation experiments (e.g. coherent scattering) 
required to lift this degeneracy
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FIG. 4: Mollweide projections of the WIMP plus 8B neutrino angular di↵erential event rate integrated within (from left
to right) three equally sized energy bins spanning the range Er = 0 to 5 keV, for a WIMP with mass m� = 6GeV and
���n = 4.9 ⇥ 10�45 cm2 and a Xe target. The top row shows the signal on February 26th, when the separation between the
directions of the Sun and Cygnus is smallest (⇠ 60�), and the bottom row on September 6th, when the separation is largest
(⇠ 120�). The WIMP contribution is to the left of the neutrino contribution on the top row and to the right on the bottom
row. The Mollweide projections are of the event rate in the laboratory co-ordinate system with the horizon aligned horizontally
and the zenith and nadir at the top and bottom of the projection respectively.

the angular spread decreases with increasing energy i.e.,
the highest energy recoils have the smallest angle between
the incoming particle direction and the recoil direction.

In addition to the standard case of a detector with full
3-dimensional sensitivity, we will also assess the discov-
ery potential of a detector which only has sensitivity to
1-dimensional and 2-dimensional projections of the 3-d
recoil track. Using Eq. (18) we define the 2-d readout to
be the projection of the recoil track onto the x-y plane
such that only the angle � is measured, and the 1-d read-
out to be the projection on to the z-axis such that only
the angle ✓ is measured.

Figure 5 shows the daily evolution of the 1-d, cos ✓,
and 2-d, �, recoil angle distributions at a single energy
(0.5 keV) from 8B neutrinos and a WIMP with mass
m� = 6GeV. The � distributions from 8B neutrinos
have two peaks, because at a fixed recoil energy the neu-
trino energy spectrum produces recoils in a ring around
the incident direction. In the WIMP case, however, the
distribution of recoils is peaked in a single direction, to-
wards �vlab. The 2-d and 1-d distributions for both at-

mospheric and DSNB neutrinos are flat, and therefore we
do not show them for clarity. The WIMP and neutrino
distributions are significantly di↵erent, not only in their
shape at a single time but also how they evolve over the
course of a day. This suggests that a detector with only
1-d or 2-d readout should still be able to discriminate
WIMP and neutrino induced recoils.

IV. ANALYSIS METHODOLOGY

In this section we introduce the analysis methodology
we use to assess the discovery potential of each readout
strategy for future low-threshold, ton-scale experiments.
Discovery limits were first introduced in Ref. [39] and are
defined such that if the true WIMP model lies above this
limit then a given experiment has a 90% probability to
achieve at least a 3� WIMP detection. To derive these
limits, it is necessary to compute the detection signif-
icance associated with di↵erent WIMP parameters, for
each detector configuration. This can be done using the
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Fig. 1. Hammer-Aito↵ projection of the WIMP flux in Galactic coordinates. A WIMP mass of
100 GeV has been assumed (from Ref. 12).
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Fig. 2. (left) The daily rotation of the Earth introduces a modulation in recoil angle, as measured
in the laboratory frame. (right) Magnitude of this daily modulation for seven lab-fixed directions,
specified as angles with respect to the Earth’s equatorial plane. The solid line corresponds to zero
degrees, and the dotted, dashed, and dash-dot lines correspond to ±18�, ±54� and ±90�, with
negative angles falling above the zero degree line and positive angles below. The ±90� directions
are co-aligned with the Earth’s rotation axis and therefore exhibit no daily modulation. This
calculation assumes a WIMP mass of 100 GeV and CS2 target gas. (from Ref. 13).

the WIMP origin of the dark matter interaction candidate events.11 This is often
referred to as the materials signal. In practice, this would require the detection of a
large number of events with both targets (in order to measure the energy spectra),
the operation of experiments in similar background environments, and accurate
calculations of the nuclear form factors.

Dark matter detectors with directional 
sensitivity can eliminate the neutrino 
background [O’ Hare et al. PRD 2015]

Directional detectors 
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FIG. 3. Left: The angular spectra of SNS neutrinos for He and F detectors in the SM. The peaks occur at cosqr ' 0.56 for He and cosqr ' 0.51
for F, which translates into qr ' 56� and qr ' 59� respectively. Right: The event yield per year in angular bins of size of |Dqr| = 10�. The
total yield is roughly 2300 events for He and 11200 for F.

cleus, cosqr. In the laboratory frame they read

Er =
E2

n(1� cosq)
mN +En(1+ cosq)

,

Er =
2mNE2

n cos2 qr

(En +mN)2 �E2
n cos2 qr

. (17)

From these expressions one can see that the maximum recoil
energy is obtained at forward neutrino scattering (q = p) and
qr = 0, while for q = 0 and qr = p/2 the recoil energy van-
ishes. In practice, however, the maximum value for Er is de-
termined by the kinematics of the ingoing neutrinos, which for
the SNS is determined by En  mµ/2. For our reactor analy-
sis, we set En . Ere

n = 9MeV. This kinematic constraint can
be translated into an upper bound on qr by using the energy
conservation relation En = e with Eq. (13), resulting in

SNS : cosqr >
1

mµ

r
mNEr

2

✓
2+

mµ

mN

◆
, (18)

Reactor : cosqr >
1

Ere
n

r
mNEr

2

✓
1+

Ere
n

mN

◆
.

We can see that, for a fixed recoil energy, the heavier the tar-
get nucleus the smaller is the maximum recoil angle. For fixed
nuclide mass, larger values of recoil energy imply smaller re-
coil angles. Since (18) is a purely kinematic bound, it is valid
regardless of whether or not one assumes new physics contri-
butions.

Another constraint one could place stems from the condi-
tion d2R/dErdWr � 1, corresponding to the condition of the
DRS being measurable. Additionally, in contrast to the kine-
matic limit discussed above, this limit does depend on the
presence of new physics. If the new contribution enhances
(reduces) the DRS 3 a wider (narrower) cosqr region can be
measured.

3 Sizable reductions are possible only for a vector contribution (destructive

The limits are illustrated in Fig. 1 which shows the pos-
sible angular distributions for one-tonne helium (left graph)
and fluorine (right graph) directional detectors with SNS neu-
trinos. Note that we include qr ! �qr for illustration. The
measurable angular region is that within the dotted and solid
curves and can be extended further towards zero degrees by
increasing the exposure. One can see that He detectors have
access to larger angles than F detectors due to the lower mass
of the target. The dashed curves correspond to the angular dis-
tribution of nµ-induced events. It follows from the condition
En = e = (m2

p �m2
µ)/2/mp which translated into cosqr reads

cosqnµ
r =

2mp
m2

p �m2
µ

r
mNEr

2

 
1+

m2
p �m2

µ

2mpmN

!
. (19)

V. STANDARD MODEL SIGNATURES

A. SNS neutrinos

With the aid of Eq. (14) we can calculate the DRS as a func-
tion of nuclear recoil angle for different recoil energy values.
Fig. 2 shows slices of fixed Er of the DRS and contours in the
Er-cosqr plane for helium and fluorine. Note that we omit the
prompt neutrino contributions since they would manifest as a
d-function.

Notice that F leads to markedly higher event rates and al-
lows access to a much larger range of energies and angles due
to its mass. One small trade off is that He can lead to larger
scattering angles for the same recoil energy. This can be seen
by comparing the endpoints of the red curves of the same en-
ergy.

interference). Scalar interactions to a certain degree can destructively inter-
fere as well, but the amount of reduction is proportional to either left-right
neutrino mixing (in the case of Dirac couplings) or neutrino masses (in the
case of Majorana couplings).
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FIG. 5. Left: The angular spectra of reactor neutrinos for He and F detectors in the SM. Right: The event yield per year in angular bins of size
of |Dqr|= 30�.

grangian we use is given by [11, 36, 47]

LS = n( fS + ig5 fS)nS+ Â
q=u,d

hq
S qqS+H.c. . (21)

In the lepton number violating case the neutrino coupling has
to be recast according to nTC ( fS+ ig5 fS)nS. As with the vec-
tor mediator, the scalar can be charged under a dark symme-
try. We do not consider axial or pseudoscalar quark couplings
since their contribution to the CEnNS cross section is small.

The quark-quark operators in Eqs. (20) and (21) induce the
following nucleus-nucleus couplings

Vector: CN
V = Z(2hu

V +hd
V )+N(hu

V +2hd
V ) ,

Scalar: CN
S = Z Â

q
hS

q
mn

mq
f n
Tq +N Â

q
hS

q
mp

mq
f p
Tq

, (22)

where mn,p are the neutron and proton masses respectively,
q is a quark label, and f n,p

Tq
refer to hadronic form factors ob-

tained in chiral perturbation theory using measurements of the
p-nucleon sigma term [48–50], with the most up-to-date val-
ues given by [49]

f p
Tu
= (20.8±1.5)⇥10�3 , f p

Td
= (41.1±2.8)⇥10�3 ,

f n
Tu = (18.9±1.4)⇥10�3 , f n

Td
= (45.1±2.7)⇥10�3 .

(23)

For vector interactions the contributions to the CEnNS cross
section are obtained from Eq. (3) by the substitution gV !
gV +xV [5, 36], where xV reads

xV =
CN

V FVp
2GF(2mNEr +m2

V )
, (24)

with FV = fV � i fA. The combination gV + xV leads to con-
structive or destructive interference depending on the relative
sign and size of the SM and NP contribution. Scalar interac-
tions do not interfere with the SM at leading order and their

contribution to the cross section, which has to be added to the
SM piece Eq. (3), is written as [11]

dsS

dEr
=

G2
F

2p
mNx2

S
mNEr

2E2
n

, (25)

with the new physics parameters encoded in

xS =
CN

S FS

GF(2mNEr +m2
S)

, (26)

where FS = fS � i fP.
The type of vector and scalar light mediator scenarios de-

scribed by the interactions in (20) and (21) are subject to a set
of constraints, which have been discussed at length, for exam-
ple, in Refs. [10, 11, 36, 47]. They can be classified into lab-
oratory bounds, and astrophysical and cosmological bounds.
In the first category most of the limits apply provided the me-
diators couple to charged leptons. In our case these couplings
are only present at the one-loop order and so can be safely
ignored. Other limits apply only on the neutrino-quark (nu-
cleon level) couplings, so they can be readily satisfied without
drastically diminishing the CEnNS signals. Bounds in the
second category can be tight but are subject to relatively large
uncertainties and can be circumvented through additional new
physics [51, 52] (an exception are limits from BBN, see dis-
cussion in Sec. VI B).

One of the most relevant bounds on the interactions in (20)
and (21) comes from COHERENT measurements. A recent
study, using a likelihood analysis that combines energy and
timing data, places bounds for mX = 1.0 MeV (X =V,S) [47].
The bounds are derived using a CsI target and can be rescaled
by Ai/ACs to convert them to the cases of He and F. The re-
sulting bounds are:

He : FVCN
V  2.2⇥10�8 , FSCN

S  1.5⇥10�8 , (27)

F : FVCN
V  1.1⇥10�7 , FSCN

S  7.3⇥10�8 . (28)

These values generate the maximum number of events con-
sistent with available data and will be used for the following
analysis.

SNS

Reactor

Abdullah, Aristizibal-Sierra, Dutta, Strigari PRD 2020



CEvNS in the next decade 

• Dark matter/neutrino observatories will gain new 
sensitivities to solar, supernovae, and atmospheric 
neutrinos 

• CEvNS detections from astrophysics and terrestrial 
sources 

Figure 2: The evolution of dark matter direct detection experiments using the liquid xenon technology.

3 Proposed Work
Since the first results from the XENON10 detector more than a decade ago, the LXe-TPC

technology has been the leading technique in the hunt for dark matter. Successive programs
have refined and improved the TPC operation with significant R&D over the past fifteen years,
leading to a mature and robust design of multi-tonne scale detectors (Fig. 2). In this section we
describe the basic features of the design, and identify some areas that need further development
to be successful at the envisioned 100-tonne scale.

The basic work plan in support of the goals outlined in Sec. 1.1 can be broken down into a
few specific objectives: reduction of radon backgrounds, the scale-up of LXe handling and cryo-
genics, and enhancing signal collection with high voltage and optics. Together, these objectives
lead into operating a Demonstrator, completing simulations of the G3 detector, and produc-
ing a Technical Design Report. We outline preliminary deliverables and milestones in Table 1.
Research conducted by domestic and international partners will complement our proposed work.

3.1 Hardware Design
The baseline design of a LXe TPC, as executed in XENONnT and LZ, consists of a cylindrical

field cage made of PTFE reflectors on the side, several electrodes on top and bottom to provide
drift and extraction fields, and photomultiplier (PMT) arrays at top and bottom to detect signals
generated in the LXe target for position, energy reconstruction, and event type discrimination.
While the baseline design has remained essentially unchanged as the target mass has scaled up
from a few kilograms to several tonnes, each increase in size has required solving new technical
challenges. The move to a G3 experiment will be no di↵erent, and we have identified three
main areas as challenges at the G3 scale: radon reduction, liquid xenon handling, and signal
collection. The team will therefore investigate both scaled-up designs from current detectors
(XENONnT and LZ) as well as alternative designs for these focus areas. These hardware designs
will be tested and optimized in small tests at various institutions, and the most promising ones
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The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection


